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Introduction: Serotonin is involved in leukocyte recruitment during
inflammation. Deficiency of the serotonin transporter (SERT) is associated with
metabolic changes in humans and mice. A possible link and interaction between
the inflammatory effects of serotonin and metabolic derangements in SERT-
deficient mice has not been investigated so far.

Methods: SERT-deficient (Sert”’") and wild type (WT) mice were fed a high-fat
diet, starting at 8 weeks of age. Metabolic phenotyping (metabolic caging,
glucose and insulin tolerance testing, body and organ weight measurements,
gPCR, histology) and assessment of adipose tissue inflammation (flow cytometry,
histology, qPCR) were carried out at the end of the 19-week high-fat diet feeding
period. In parallel, Sert”’” and WT mice received a control diet and were analyzed
either at the time point equivalent to high-fat diet feeding or as early as 8-11
weeks of age for baseline characterization.

Results: After 19 weeks of high-fat diet, Sert”’” and WT mice displayed similar
whole-body and fat pad weights despite increased relative weight gain due to
lower starting body weight in Sert”". In obese Sert”~ animals insulin resistance
and liver steatosis were enhanced as compared to WT animals. Leukocyte
accumulation and mRNA expression of cytokine signaling mediators were
increased in epididymal adipose tissue of obese Sert”’” mice. These effects
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were associated with higher adipose tissue mMRNA expression of the chemokine
monocyte chemoattractant protein 1 and presence of monocytosis in blood with
an increased proportion of pro-inflammatory Ly6C+ monocytes. By contrast,
Sert™” mice fed a control diet did not display adipose tissue inflammation.

Discussion: Our observations suggest that SERT deficiency in mice is associated
with inflammatory processes that manifest as increased adipose tissue
inflammation upon chronic high-fat diet feeding due to enhanced leukocyte

recruitment.

KEYWORDS

serotonin, metabolic syndrome, obesity, adipose tissue, inflammation,
serotonin transporter

1 Introduction

Obesity can lead to the development of non-alcoholic fatty liver
disease (NAFLD), insulin resistance, type-2 diabetes mellitus, and
cardiovascular diseases (1, 2). Obesity-related sequelae are
promoted by a chronic low-grade inflammation, which is
characterized by a persistent release of proinflammatory
mediators and accumulation of leukocytes (e.g., macrophages and
T cells), especially in visceral adipose tissue (1-3).

The biogenic amine serotonin (5-hydroxytryptamine) exerts
multiple functions in the central nervous system but also plays a

significant role in peripheral tissues. Peripherally acting serotonin
has been shown to aggravate diet-induced obesity, insulin resistance
and NAFLD in mice (4). Several lines of evidence suggest that
serotonin also contributes to leukocyte recruitment and function
during inflammatory processes (5-9).

The vast majority of serotonin is produced by enterochromaffin
cells in the gut (10) (Figure 1). Upon release into the blood stream,
serotonin is taken up by circulating platelets that serve as a major
serotonin carrier (11). Upon platelet activation, serotonin is
secreted (11). However, more recent data show that serotonin
synthesis also occurs in adipocytes (12, 13).

FIGURE 1

Synthesis and distribution of peripherally acting serotonin. Serotonin is synthesized and released by intestinal enterochromaffin cells (EC cells) that
express tryptophan hydroxylase 1 (TPH1). In the blood stream serotonin is taken up by platelets via the serotonin transporter (SERT). Platelets release
serotonin upon their activation. Several cell types including platelets, leukocytes, and adipocytes express serotonin receptors and SERT. Adipocytes
synthesize and secrete serotonin locally in adipose tissues. Created with BioRender.com.
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Interestingly, knockout studies of the key enzyme in peripheral
serotonin synthesis (tryptophan hydroxylase I) suggest that the
aforementioned metabolic and inflammatory effects of serotonin in
obese mouse models can be mediated almost entirely by adipocyte-
derived serotonin, independent of gut-derived serotonin (4, 9,
13, 14).

Actions of serotonin are mainly mediated by cell membrane
receptors, which are for example expressed on cells of the innate
and adaptive immune system but also on adipocytes (5, 15). In this
regard, the bioavailability of serotonin is largely influenced by the
serotonin transporter SERT that facilitates serotonin uptake or
reuptake into many different cell types, including adipocytes,
platelets, and leukocytes (5, 12). Serotonin (re-)uptake via SERT
reduces the amount of extracellular serotonin that can activate cell
membrane receptors and subjects serotonin to enzymatic
degradation in several cell types (5, 12, 15, 16).

In mice, a lack of SERT expression can lead to enhanced
expansion of white adipose tissue, decreased glucose tolerance,
and hepatic steatosis (17-20). Genetic and epigenetic alterations
in the activity or abundance of the SERT in humans are associated
with increased body mass index and type-2 diabetes (21-23).
Likewise, pharmacological inhibition of SERT activity by
antidepressants such as selective serotonin reuptake inhibitors
(SSRI) is reported to be associated with an increased risk of type-
2 diabetes (24). With respect to the often-observed coincidence of
obesity and depression in humans and the frequent use of SSRI in
this population, interrelations of altered SERT function and
metabolic and/or cardiovascular consequences of obesity are of
major interest (25-27).

Whether metabolic derangements in SERT-deficiency are
driven by adipose tissue inflammation has not yet been
investigated in detail. We hypothesized, that SERT knockout with
resulting dysregulation of extracellular serotonin levels can
aggravate adipose tissue inflammation thereby promoting obesity-
related insulin resistance and hepatic steatosis in the setting of diet-
induced obesity.

In this study, we fed SERT-deficient mice a high-fat diet (HFD)
for 19 weeks and analyzed visceral adipose tissue for inflammatory
responses in relation to body weight and energy metabolism. We
demonstrate that SERT deficient mice show elevated visceral
adipose tissue inflammation, insulin resistance and liver steatosis
after chronic HFD feeding. Our observations suggest that SERT
deficiency is associated with inflammatory processes due to an
increase in leukocyte recruitment into adipose tissue upon diet-
induced obesity.

2 Methods
2.1 Animals

Male Sert™'~ mice on a C57BL/6] background and age-matched
wild-type C57BL/6] Sert™* (WT) mice were housed in the local
animal facility at a 12 h light/dark cycle with ad libitum access to
water and food. Mice were fed either a high-fat diet (HFD, D12451,
45 kJ% fat, Sniff Spezialdidten) starting at 8 weeks of age or a control
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diet (CD, 3437 PXL15M/R, 4,5 kJ% fat, Granovit AG) for 19 weeks
(HED: WT n = 6-7, Sert”™ n = 6-9; CD: n = 3-4 per genotype). Body
weight was determined weekly. At the end of the study, mice were
sacrificed upon anesthesia with ketamine (100 mg/kg body weight)
and xylazine (20 mg/kg body weight) followed by terminal cardiac
blood collection. In parallel, a group of Sert’~ and WT mice
receiving a control diet was analyzed as early as 8-11 weeks of age
for baseline characterization (n=5 per genotype). All experiments
were conducted in accord with the German animal protection law.
All procedures had been approved by the federal authorities in
Baden-Wurttemberg, Germany (File # 35-9185.81/G-19/132).

2.2 Insulin and glucose tolerance testing

Mice were fasted for 12 or 2 hours prior to glucose or insulin
tolerance testing, respectively. After initial blood collection via tail
vein puncture, 1 g glucose per kg body weight or 0.5 U human
insulin per kg body weight were injected intraperitoneally.
Subsequent blood collections were performed after 15, 30, 45, 60,
90, and 120 minutes, and glucose concentrations were measured
using a blood glucose meter (ACCU-CHECK Aviva, Roche
Diabetes Care GmbH). Results are indicated as area of the curve
with baseline subtraction of t = 0 minutes to account for differences
in fasting glucose levels (28).

2.3 Metabolic caging

Food intake, VCO, production, VO, consumption, respiratory
exchange ratio (RER), heat dissipation and locomotor activity were
assessed using metabolic cages (Comprehensive Lab Animal
Monitoring System, Columbus Instruments) for 48 hours (24
hours adaptation time, 24 hours measurements).

2.4 Sample preparation and flow
cytometric analyses

Epididymal fat was collected, immediately weighed, and
transferred to cold Dulbecco’s phosphate-buffered saline with Ca**
and Mg”>* (DPBS, Gibco, ThermoFisher Scientific) supplemented
with 0.5% bovine serum albumin (BSA). The tissue was minced,
digested with 3 mg collagenase I dissolved in 2 ml DPBS containing
0.5% BSA for 45 minutes at 37°C and subsequently transferred
through a 100 pm cell strainer.

Spleens were passed through a 70 pum cell strainer into 0.1%
BSA in DPBS.

After cutting off the epiphyses, the bone marrow was rinsed
from the femora with 0.1% BSA in DPBS and passed through a 70
pm cell strainer.

After centrifugation (spleen, bone marrow: 5 minutes, 350 x g;
epididymal white adipose tissue: 3 minutes, 1000 x g, room
temperature (RT)), red blood cell lysis was performed with red
blood cell (RBC) lysis buffer (BioLegend) for 5 minutes on ice and
stopped by adding 12.5 ml of DPBS. Cells were washed, centrifuged,
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resuspended in 0.1% BSA in DPBS, and stored on ice. Leukocyte
concentrations were determined in a Neubauer chamber and were
adjusted to 5.5 million (fat, bone marrow) or 11 million (spleen)
leukocytes per ml. After blocking unspecific Fc Receptor-mediated
antibody binding (TruStain FcX'™ anti-mouse CD16/32,
Biolegend), 90 pl of the samples were incubated with viability dye
(Viability Dye eFluor' ™" 506, ThermoFisher Scientific) and flow
cytometry antibodies (anti-mouse CD45 PacBlue; anti-mouse
CD11b PerCP; anti-mouse F4/80 PE-Cy7; anti-mouse CDI115
APC; anti-mouse Ly6C PE; anti-mouse Ly6G APC-Cy7; anti-
mouse CD3 FITC or PE; anti-mouse CD19 FITC or APC-Cy7;
anti-mouse NK1.1 FITC or APC; anti-mouse CD4 PerCP; anti-
mouse CD8 FITC; anti-mouse CD41 PECy?7; all from BioLegend)
for 25 minutes on ice in the dark. After another washing step, cells
were fixed (Cellfix, BD Biosciences) and stored in the dark at 4°C
until flow cytometric analysis.

EDTA blood (5 pl) was incubated with 95 pl of RBC lysis buffer
(5 minutes, RT), and leukocytes were counted in a Neubauer
chamber. For flow cytometric analysis, 40 pl of EDTA blood were
diluted in 200 pl DPBS with 0.1% BSA. After blockade of Fc
receptors, specific antibody staining was performed in analogy to
the procedure used for spleen, bone marrow, and fat. Staining was
followed by red blood cell lysis and fixation (Lyse/fix buffer, BD
Biosciences) for 30 minutes at RT in the dark. The samples were
then centrifuged (8 minutes, RT, 500 x g) and cell pellets were
resuspended in 300 pl DPBS. Samples were stored at 4°C in the dark
until flow cytometric analysis. Flow cytometry data were acquired
on a BD LSRFortessa (Becton, Dickinson and Company).

Representative gating strategies are shown in Supplementary
Figure S1.

2.5 Analysis of mRNA expression

RNA extraction was performed with the Aurum Total RNA
Mini Kit (Bio-Rad) according to the manufacturer’s instructions.
Purity and concentration of the RNA-preparations were assessed by
NanoDrop (ThermoFisher Scientific). Subsequent cDNA synthesis
was carried out with the iScriptTM c¢DNA Synthesis Kit (Bio-Rad)
following the manufacturer’s instructions. mRNA expression was
analyzed using iQ™ SYBR® Green Supermix, and gene specific
primers (Supplemental Table S1). Gene expression was calculated

using the 224" method.

2.6 Serotonin concentration in serum
and plasma

To assess “free” and “total” (platelet-stored) serotonin in the
circulation, its concentrations were determined in plasma and
serum, respectively. Blood was allowed to stay at RT for at least 3
h to generate serum. After centrifugation (5 minutes, 1300 x ), the
supernatant was collected and stored at -80°C. To obtain plasma,
the collected blood was mixed with EDTA (Invitrogen). Samples of
EDTA blood (400 ul) were carefully mixed with 1 pg/ml
prostacyclin (PGI,) and centrifuged (5 minutes, RT, 600 x g). The
collected supernatant was again centrifuged (5 minutes, RT, 1000 x
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£), and the remaining supernatant was stored at -80°C. Plasma and
serum serotonin were measured using the Serotonin Research
ELISA (LDN Labor Diagnostika Nord) or the Serotonin ELISA
Fast Track (LDN Labor Diagnostika Nord), respectively. The
manufacturer’s instructions were followed.

2.7 Histology

Immediately after dissection, epididymal fat and livers were
fixed in phosphate-buffered 4% formaldehyde solution (Carl Roth)
for 24 hours. Subsequently, fixed tissues were embedded in paraffin,
sectioned, and mounted onto microscope slides. Hematoxylin and
eosin (HE) staining was performed according to standard protocols
in the Core Facility for Histopathology and Digital Pathology at the
Medical Center - University of Freiburg.

2.8 Statistics and data presentation

Statistical analyses were performed with GraphPad Prism Version
9. Normal distribution was tested using Shapiro-Wilk test. In case of
normal distribution, data are presented as mean + standard error of the
mean (SEM), otherwise median with interquartile range (IQR) is
indicated. Statistical outliers were detected by ROUT test. For
comparison of two groups, an unpaired two-tailed student’s t-test
(for normally distributed data) or Mann-Whitney test (nonparametric)
was performed. Welch’s correction was applied in case of unequal
variances between the groups.

3 Results

3.1 SERT-deficiency in young mice

is associated with monocytosis and
increased fat mass, but not increased
adipose tissue inflammation

In the baseline study, Sert’” mice displayed increased fat pad
weights despite similar whole-body weights in comparison to the
WT animals at 11 weeks of age (Figures 2A-C). Liver weights were
not significantly different between both genotypes (Figure 2D).
While fasting blood glucose was increased in Sert”” mice at
baseline (Figure 2E), there was no difference in glucose tolerance
or insulin sensitivity (Figures 2F, G). At baseline, Sert”” tended to
show less physical activity than WT mice, while respiratory
exchange ratio, heat dissipation and food intake were similar
between the groups (Supplemental Figures S2A-D). Moreover,
circulating leukocytes were not significantly different between
both genotypes. A monocytosis in Sert’” mice was observed at
baseline (Figure 2H). The percentages of circulating pro-
inflammatory Ly6C+ monocytes did not differ significantly
between genotypes (Figure 2I). Interestingly, monocytosis was
associated with a decreased number of splenic but not bone
marrow monocytes (Supplemental Figures S2F, G). Leukocyte
numbers and platelet-leukocyte complexes in epiWAT (Figure 2],
Supplemental Figure S2E) were similar in both groups. The
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FIGURE 2

Energy metabolism and inflammation in SERT-deficient mice at baseline. (A) Experimental set up for baseline characterization of male mice at an
age of 8-11 weeks fed a control diet (CD). WT, wild type; Sert™", serotonin transporter knockout; MC, metabolic caging; GTT, glucose tolerance
testing; ITT, insulin tolerance testing; FC, flow cytometry; gPCR, quantitative polymerase chain reaction. (B) Body weight of 11 weeks old mice. (C)
Fat pad weights in relation to whole body weight in 11 weeks old mice; epiWAT, epididymal white adipose tissue; SUbWAT, subcutaneous white
adipose tissue; BAT, brown adipose tissue. (D) Liver weight in relation to whole body weight of 11 weeks old mice. (E) Fasting blood glucose after 2
or 12 hours of food deprivation in CD-fed mice. (F) Glucose tolerance testing (GTT) at 10 weeks of age. Displayed is the area of the curve from GTT
data obtained after 12 hours of fasting. (G) Insulin tolerance testing (ITT) at 11 weeks of age. Indicated is the area of the curve from insulin tolerance
testing after 2 hours of fasting. (H) Circulating leukocyte and monocyte (Viab™, CD45*, CD3", CD19°, NK1.1°, CD11b", Ly6G", F4/80°) counts detected
by FC at 11 weeks of age. (I) Proportion of Ly6C* monocytes depicted as percentage of the entire monocyte population in blood, determined by FC
(3) Leukocytes and platelet-leukocyte complexes (PLC; Viab™, CD45*, CD41") detected by FC in the stromal vascular fraction from epiWAT of CD-
fed mice at 11 weeks of age. (K) gPCR on whole tissue epiWAT mRNA-preparations from 11 weeks old WT (black dots) and Sert’~ (blue dots) mice
feeding on a CD; MCP-1, monocyte chemoattractant protein 1; RANTES, regulated and normal T cell expressed and secreted; VCAM-1, vascular cell
adhesion molecule 1, SOCS3; suppressor of cytokine signaling 3. (B—J) n=5 per group. (K) n=4 per group. Results are shown as mean + SEM.
Asterisks indicate statistical significance: * p<0.05; **p<0.01; ns, not statistically significant.

expression of the chemokines MCP-1 (monocyte chemoattractant
protein 1) and RANTES (regulated and normal T cell expressed and
secreted) as well as endothelial adhesion molecule VCAM-1
(vascular cell adhesion molecule 1), and cytokine signaling
mediator SOCS3 (suppressor of cytokine signaling 3) was not
altered between the genotypes (Figure 2K).

3.2 No accumulation of leukocytes
in epididymal adipose tissue of
SERT-deficient mice after 19-weeks
of control diet feeding

After 19 weeks of control diet (CD)-feeding, Sert”’” had
accumulated more epididymal white adipose tissue (epiWAT)
than WT mice (Figure 3C), while whole-body weights and liver
weights were similar between genotypes (Figures 3B, D). Decreased
glucose tolerance (but not insulin sensitivity) was observed in the
CD-fed Sert” at the end of the feeding interval (Figures 3E, F). No
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leukocyte accumulation in epiWAT of CD-fed Sert”” was observed
(Figure 3G). MCP-1 expression was higher in the epiWAT of Sert”"
than in WT mice, while there was no increase in RANTES, SOCS3
or VCAM-1 expression (Figure 3H).

3.3 Disturbance of glucose homeostasis
and extent of liver steatosis are more
pronounced in obese SERT-deficient mice

At the beginning of high-fat diet (HFD) feeding (8 weeks of
age), Sert’” mice displayed lower body weights than the age-
matched WT controls (Figures 4A, B). After accelerated body
weight gain during the first 4 weeks on HFD, the weight curves
had a less steep progression. This resulted in similar body weights in
both groups at the end of the study (Figures 4B, C). However, obese
Sert’” mice had increased relative liver weights and increased
hepatic lipid accumulation compared to the WT (Figures 4D, E),
whereas relative fat pad weights were similar in both groups at the
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FIGURE 3

Energy metabolism and inflammation in SERT-deficient mice after 19 weeks of control diet feeding. (A) Experimental set up of the control diet study.
Male 8-week-old wild type (WT) or serotonin transporter knockout (Sert™") mice received a control diet (CD) for 19 weeks, data displayed in B-H are
from mice at the end of the 19 weeks CD feeding period. GTT, glucose tolerance testing; ITT, insulin tolerance testing; qPCR, quantitative
polymerase chain reaction. (B) Body weight of Sert”” or WT mice. (C) Weight of epididymal white adipose tissue (epiWAT) in relation to whole body
weight. (D) Liver weight in relation to whole-body weight. (E) Glucose tolerance testing (GTT), displayed are the glucose excursion curves (left) and
the data determined as area of the curve (right). (F) Depicted is the area of the curve from insulin tolerance testing (ITT). (G) Leukocyte numbers
(10*/mg adipose tissue) in the stromal vascular fraction of epiWAT. (H) gPCR on whole tissue epiWAT mRNA-preparations from WT (black dots) or
Sert™!” (green dots) mice; MCP-1, monocyte chemoattractant protein 1; RANTES, regulated and normal T-cell expressed and secreted; VCAM-1,
vascular cell adhesion molecule 1; SOCS3, suppressor of cytokine signaling 3. (B—G) n=3 per group, (H) n=4 per group. Results are shown as mean
+ SEM. Asterisks indicate statistical significance: * p<0.05; **** p<0.0001; ns, not statistically significant.

end of the study (Figure 4F). Obese SERT-deficient mice displayed
lower glucose tolerance and insulin sensitivity, as compared to the
WT (Figures 4G-I). This was accompanied by a stronger decrease
(i.e., shift toward lipid utilization) in the respiratory exchange ratio
(RER) in obese Sert” (Supplemental Figure S2H). The mRNA
expression of insulin receptor substrate (IRS) 1 and 2 were
decreased in obese Sert”” livers and epiWAT, respectively
(Figures 4], K). Moreover, GLUT2- and GLUT4-mRNA levels
were decreased in obese Sert”’” epiWAT (Figure 4K).

3.4 Enhanced leukocyte accumulation in
visceral adipose tissue of obese SERT-
deficient mice

After HFD-feeding, Sert’”” and WT animals had similar total
circulating leukocyte counts, whereas the percentage of monocytes
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was increased in the blood of Sert” (Figure 5A). Additionally, the
proportion of pro-inflammatory Ly6C" monocytes was higher in
the circulation of Sert”’” (Figure 5A). Total epiWAT leukocyte
counts, macrophages, B cells and T cells were increased in Sert””
mice (Figure 5B). In line with this, HE-staining of epiWAT sections
revealed an abundance of crown-like structures, indicative of
macrophages engulfing adipocytes, in Sert”” (Figure 5C). The
percentage of platelet-leukocyte complexes in the epiWAT was
lower in Sert”’” than in WT mice (Figure 5D). Bone marrow
monocyte counts were decreased in obese Sert”” compared to WT
(Figure 5E), whereas monocyte numbers in the spleen were not
significantly different between both genotypes (Figure 5F). An
increased expression of genes related to cytokine signaling was
detected in epiWAT of obese Sert”” (Figure 5G). In addition, the
chemokines MCP-1 and RANTES were upregulated (Figure 5H).
The expression of the endothelial adhesion molecule VCAM-1 was
similar in both genotypes (Figure 5H).
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Asterisks indicate statistical significance: * p<0.05; **p<0.01; *** p<0.001; ns, not statistically significant

3.5 Serum serotonin is decreased in SERT-
deficient mice

Plasma serotonin concentrations did not differ significantly
between Sert’” and WT mice. By contrast, serum serotonin was
decreased below detection limit of the assay in Sert”” mice, verifying
the lack of SERT-mediated serotonin uptake and storage in
platelets (Figure 5I).

4 Discussion

Here, we demonstrate that deficient SERT expression in chronic
HED fed animals leads to impaired systemic glucose homeostasis
and increased hepatic steatosis compared to WT animals. This
difference occurs despite similar body and fat depot weights of both
genotypes at the end of the HFD study (Figures 4B, F). SERT-
deficient animals have increased fat mass at the end of the control
diet study (Figures 3B, C), which is consistent with previous reports
(18-20). By contrast, no such an effect is observed after feeding the
HED for 19 weeks (Figure 4F). A possible explanation for the
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obtained differences is provided by identification of increased
adipose tissue dysfunction in obese SERT-deficient mice. This
contention is based on two other observations made in this study.
First, adipose dysfunction becomes evident from enhanced
inflammation, displaying increased numbers of macrophages, B
cells and T cells (Figure 5B), and abundance of crown-like
structures (Figure 5C). Second, insulin sensitivity of the adipose
tissue in SERT deficiency is decreased compared to WT mice. This
is shown by lower expression of the insulin-sensitive glucose
transporter GLUT4 and lower expression of the insulin receptor
substrate 2 (IRS2) which is an important component of insulin-
dependent intracellular signal transduction (Figure 4K) (29, 30). As
a result, the adipose tissue growth of SERT-deficient mice under
HFD is restricted. This deteriorated adipose tissue function
contributes to impaired hepatic insulin sensitivity (as
demonstrated by decreased IRS1 expression, Figure 4]) and
pronounced hepatic steatosis (as evident by abundant lipid
droplets and higher liver weight) (Figures 4D, E). An inverse
relationship between epididymal adipose tissue mass and liver
lipid accumulation in murine obesity has been described
previously (31). Inflammation and dysfunction of adipose tissue
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proportion of Ly6C* monocytes depicted as percentage of the entire monocyte population, determined by flow cytometry (FC). Monocytes were
gated as Viab™, CD45", CD3", CD19°, NK1.1", CD11b*, Ly6G", F4/80". (B) Leukocyte, macrophage (Viab™, CD45%, CD3", CD19", NK1.1°, CD11b*, Ly6G",
F4/807), B-cell (Viab", CD45%, CD3", CD19%) and T-cell (Viab~, CD45*, CD19CD3*) numbers (10°/mg tissue) analyzed by FC in the stromal vascular
fraction (SVF) of epididymal white adipose tissue (epiWAT). (C) Representative images of epiWAT stained with hematoxylin and eosin, arrows indicate
crown-like structures, scale bar = 200 um. (D) Platelet-leukocyte complexes (PLC; Viab™, CD45", CD41") in the epiWAT SVF as determined by FC. (E)
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mRNA-preparations from WT (black dots) and Sert™" (red dots) mice; SOCS3, suppressor of cytokine signaling 3; CD40, cluster of differentiation 40;

COX2, cyclooxygenase 2; MCP-1, monocyte chemoattractant protein 1; RANTES, regulated and normal T cell expressed and secreted; VCAM-1,
vascular cell adhesion molecule 1. (I) Plasma and serum serotonin concentrations as measured by ELISA. A, B, D, E, F: WT n=7, Sert”’" n=9; (G, H)
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in the context of ongoing caloric excess lead to impaired adipose
tissue lipid handling with consequently increased circulating free
fatty acids and release of adipokines (32, 33). This so-called
metaflammation can significantly contribute to the development
of hepatic insulin resistance and steatosis (32, 34, 35). The reduced
insulin-dependent inhibition of hepatic glucose production in turn
intensifies hyperglycemia in obese Sert”” mice (Figure 4G) (36).
Together, decreased insulin sensitivity of liver and adipose tissue
contributes to an overall impaired glucose homeostasis and, in
particular, to increased insulin resistance in obese SERT-deficient
mice (Figure 41).

We also show in this study that increased adipose tissue
inflammation of SERT-deficient animals after consumption of the
HED is due to increased leukocyte recruitment into adipose tissue.
The increased number of macrophages in Sert’” adipose tissue
(Figure 5B) is caused by a combination of present monocytosis,
characterized by an increased proportion of proinflammatory
Ly6C" monocytes (Figure 5A) together with an increased adipose
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tissue expression of the chemokine MCP-1 (Figure 5H). MCP-1 is
produced, for example, by adipocytes (37). In an MCP-1-dependent
manner, Ly6C" monocytes migrate into visceral adipose tissue and
differentiate into adipose tissue macrophages, which are involved in
removal of dying fat cells and debris from the adipose tissue, e.g., in
crown-like structures (38).

The increased number of T cells in adipose tissue of SERT-
deficient animals is caused by increased expression of the
chemokine RANTES (Figure 5H). RANTES which can also be
produced by adipocytes is known to promote T cell accumulation
in adipose tissue (39-41). T cells may also act as a trigger for
macrophage infiltration into the adipose tissue in SERT deficiency
in our study. It has been shown that CD8" T cells precede
macrophage infiltration and promote macrophage accumulation
in obese adipose tissue (42). In addition, consistent with data from
others (43), our study demonstrates that platelets and/or platelet-
leukocyte complexes can be detected in adipose tissue (Figure 5D).
This observation suggests that platelets may also be sources of the

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1184010
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hoch et al.

chemokines MCP-1 and RANTES, thus contributing to leukocyte
recruitment (44-46). This platelet effect on leukocyte recruitment is
independent of serotonin, as demonstrated here by the Sert’
phenotype (Figure 5I).

Our findings also suggest that the leukocyte populations
(macrophages, B cells and T cells, Figure 5B) having infiltrated
the obese adipose tissue contribute to adipose tissue insulin
resistance in SERT-deficient mice by releasing proinflammatory
mediators. These proinflammatory mediators can activate pathways
that include the cytokine signaling mediator SOCS3 and the pro-
inflammatory receptor CD40 (as shown in Figure 5G). The
mediators thereby interfere with intracellular insulin signaling as
demonstrated by decreased IRS2 and GLUT4 expression in
epididymal fat tissue (Figure 4K). SOCS3 and CD40-related
pathways have been widely described to inhibit insulin receptor-
activated pathways in adipocytes (47-49). The association between
inflammation and insulin resistance is supported by data from the
control diet feeding arm of our study (Figure 3). Here, despite
greater fat mass (Figure 3C), the mice do not develop adipose tissue
inflammation (Figures 3G, H) and, correspondingly, display no
insulin resistance (Figure 3F). The difference in glucose tolerance
between the genotypes consuming the control diet (Figure 3E)
might be caused, for example, by altered glucose effectiveness
(glucose-stimulated glucose uptake independent of insulin) in
SERT-deficient mice compared to WT (28). One reason for this
finding may be the lower percentage of lean body mass in SERT
deficiency. A similar effect has also been observed previously (19).

Another observation of this study is that Sert’” mice display an
increased inflammatory state. Even at young age, there are cellular
biomarkers of pre-existing inflammation in SERT-deficient mice, as
evident by blood monocytosis (Figure 2H). However, enhanced
adipose tissue inflammation only becomes overt upon HFD-
consumption (Figure 5B, G) while it is absent in mice that had
received a control diet (Figure 2], K; Figure 3G, H; Supplementary
Figure S2E). Therefore, SERT deficiency appears to make the mice
more susceptible to external inflammatory triggers such as HFD
feeding. In support of this observation is a study demonstrating that
expression of inflammatory cytokines can be upregulated in the
myocardium of Sert”’” mice after experimental myocardial
infarction. By contrast, there were no differences observed in
non-operated mice (50). Furthermore, it has been shown in a
mouse model of chemically induced colitis that SERT deficiency
can increase infiltration of inflammatory cells into the mucosa and
submucosa (51). A possible reason why adipose tissue inflammation
only becomes overt upon HFD feeding, as in our study, is that local
adipose tissue serotonin synthesis and concentrations are increased
in diet-induced obese mice (13). Adipocyte-derived serotonin exerts
effects directly in visceral adipose tissue thereby affecting energy
metabolism, enhancing macrophage infiltration, and inflammatory
gene expression during the development of diet-induced obesity (9,
13, 14). These effects can be mediated for example via the serotonin
receptors 5-hydroxytryptamine receptor 2A and 2B (9, 14). The
missing SERT-mediated termination of serotonin signaling may
even potentiate these effects in Sert”” mice.

There are several limitations of our study that should be
considered when interpreting the data. First, we did not establish
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a time course of HFD feeding intervals. Therefore, we cannot assess
inflammatory vs. metabolic effects in a chronological sequence and
interdependency. Our data obtained from the combination of
different feeding protocols suggest that there is an increased
susceptibility to inflammation in SERT-deficient mice already at a
young age under steady state conditions. However, we cannot rule
out that insulinemia in Sert’” mice reinforces or contributes to
adipose tissue inflammation itself (19, 52). Previously suggested
mechanisms by which lack of SERT function influences glucose
homeostasis include lowered estrogen levels in SERT-deficient mice
and a gut microbiome profile that resembles a pattern known for
obesity (20, 53, 54). Furthermore, future analyses of mediators in
Sert’” mice are needed to explore the origin and corresponding
contribution of different adipose tissue-associated cell types (such as
adipocytes, endothelial cells, leukocytes, or platelets) to increased
chemokine expression. This is particularly interesting because many
different cell types are affected in the global SERT knockout. For
example, SERT is expressed by endothelial cells, adipocytes,
platelets and leukocytes (5, 12, 15). Furthermore, different types
of serotonin receptors are found on these cell types (5, 9, 12, 15, 55)

Taken together, our study provides insights into metabolic
changes related to serotonin under conditions of a deficient
serotonin transporter (SERT). Using a knockout mouse model,
we demonstrate that SERT deficiency aggravates obesity-related
adipose tissue inflammation. The inflammatory response of adipose
tissue is shown to result from increased leukocyte recruitment into
obese visceral adipose tissue, thereby exacerbating adipose tissue
dysfunction, disturbing systemic glucose homeostasis, and
causing liver steatosis. In perspective, these findings may have
broader implications with regard to individuals with SERT
polymorphisms and also for the use of selective serotonin
reuptake inhibitor (SSRI) class anti-depressants, specifically in
obese patients.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by
Regierungsprasidium Freiburg Referat 35 - Veterindrwesen,
Lebensmitteliiberwachung Bertoldstrafle 43 79098 Freiburg i. Br.

Author contributions

Conceptualization: NaS, MR, DD, DW. Study design: NaS, MR,
DD, DW. Experiments: JH, NB, SZ, TM, VG, KK, TZ, NiS, MH, CB,
NG, CN, DS, TZ, NaS. Data analysis: JH, NB, SZ, MR, VG, NaS.
Statistics: JH, NB, MR, NaS. Writing - original draft preparation:
NS. Writing - review, revision, and editing: NaS, RS. All authors
contributed to the article and approved the submitted version.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1184010
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hoch et al.

Funding

SZ, TM, KK, NiS, MH, NG, DW, DD, and NaS are members of
SFB1425, funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) —Project #422681845. RS is supported
by a grant from the German, Austrian and Swiss Society of Thrombosis
and Hemostasis Research (GTH). DW has received funding from the
European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation program (grant agreement
No 853425). MR was supported by the IMM-PACT-Program for
Clinician Scientists, Faculty of Medicine, University of Freiburg, funded
by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) - Project # 413517907. NB and TZ received funding by
the German Heart Foundation (Kaltenbach Scholarship for
doctoral candidates).

Acknowledgments

We thank Ms. Luisa Braun, Core Facility for Histopathology
and Digital Pathology and Biobank Comprehensive Cancer Center
Freiburg, University of Freiburg Medical Center, Freiburg,
Germany; Faculty of Medicine, University of Freiburg, Freiburg,
Germany. We would like to acknowledge the Lighthouse Core
Facility at the Medical Center — University of Freiburg for their
assistance with flow cytometric analyses.

References

1. Rohm TV, Meier DT, Olefsky JM, Donath MY. Inflammation in obesity, diabetes,
and related disorders. Immunity (2022) 55(1):31-55. doi: 10.1016/
jimmuni.2021.12.013

2. Klein S, Gastaldelli A, Yki-Jarvinen H, Scherer PE. Why does obesity cause
diabetes? Cell Metab (2022) 34(1):11-20. doi: 10.1016/j.cmet.2021.12.012

3. Crewe C, An YA, Scherer PE. The ominous triad of adipose tissue dysfunction:
inflammation, fibrosis, and impaired angiogenesis. J Clin Invest (2017) 127(1):74-82.
doi: 10.1172/JCI88883

4. Crane JD, Palanivel R, Mottillo EP, Bujak AL, Wang H, Ford R], et al. Inhibiting
peripheral serotonin synthesis reduces obesity and metabolic dysfunction by promoting
brown adipose tissue thermogenesis. Nat Med (2015) 21(2):166-72. doi: 10.1038/
nm.3766

5. Schoenichen C, Bode C, Duerschmied D. Role of platelet serotonin in innate
immune cell recruitment. Front Biosci (Landmark Ed) (2019) 24(3):514-26. doi:
10.2741/4732

6. Mauler M, Herr N, Schoenichen C, Witsch T, Marchini T, Hardtner C, et al
Platelet serotonin aggravates myocardial Ischemia/Reperfusion injury via
neutrophil degranulation. Circulation (2019) 139(7):918-31. doi: 10.1161/
CIRCULATIONAHA.118.033942

7. Mauler M, Schanze N, Krauel K, Schoenichen C, Glatzki F, Poeschl S, et al.
Peripheral serotonin lacks effects on endothelial adhesion molecule expression in acute
inflammation. ] Thromb Haemost (2022) 20(1):222-9. doi: 10.1111/jth.15541

8. Duerschmied D, Suidan GL, Demers M, Herr N, Carbo C, Brill A, et al. Platelet
serotonin promotes the recruitment of neutrophils to sites of acute inflammation in
mice. Blood (2013) 121(6):1008-15. doi: 10.1182/blood-2012-06-437392

9. Choi WG, Choi W, Oh TJ, Cha HN, Hwang I, Lee YK, et al. Inhibiting serotonin
signaling through HTR2B in visceral adipose tissue improves obesity-related insulin
resistance. | Clin Invest (2021) 131(23):e145331. doi: 10.1172/JCI145331

10. Walther DJ, Peter JU, Bashammakh S, Hortnagl H, Voits M, Fink H, et al.
Synthesis of serotonin by a second tryptophan hydroxylase isoform. Science (2003) 299
(5603):76. doi: 10.1126/science.1078197

11. Herr N, Bode C, Duerschmied D. The effects of serotonin in immune cells. Front
Cardiovasc Med (2017) 4:48. doi: 10.3389/fcvm.2017.00048

12. Stunes AK, Reseland JE, Hauso O, Kidd M, Tommeras K, Waldum HL, et al.
Adipocytes express a functional system for serotonin synthesis, reuptake and receptor

Frontiers in Immunology

10.3389/fimmu.2023.1184010

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1184010/
full#supplementary-material

activation. Diabetes Obes Metab (2011) 13(6):551-8. doi: 10.1111/j.1463-
1326.2011.01378.x

13. Oh CM, Namkung J, Go Y, Shong KE, Kim K, Kim H, et al. Regulation of
systemic energy homeostasis by serotonin in adipose tissues. Nat Commun (2015)
6:6794. doi: 10.1038/ncomms7794

14. Shong KE, Oh CM, Namkung J, Park S, Kim H. Serotonin regulates De novo
lipogenesis in adipose tissues through serotonin receptor 2A. Endocrinol Metab (Seoul)
(2020) 35(2):470-9. doi: 10.3803/EnM.2020.35.2.470

15. Wu H, Denna TH, Storkersen JN, Gerriets VA. Beyond a neurotransmitter: the
role of serotonin in inflammation and immunity. Pharmacol Res (2019) 140:100-14.
doi: 10.1016/j.phrs.2018.06.015

16. Gershon MD, Tack J. The serotonin signaling system: from basic understanding
to drug development for functional GI disorders. Gastroenterology (2007) 132(1):397-
414. doi: 10.1053/j.gastro.2006.11.002

17. Uceyler N, Schutt M, Palm F, Vogel C, Meier M, Schmitt A, et al. Lack of the
serotonin transporter in mice reduces locomotor activity and leads to gender-
dependent late onset obesity. Int ] Obes (Lond) (2010) 34(4):701-11. doi: 10.1038/
1j0.2009.289

18. Veniaminova E, Cespuglio R, Chernukha I, Schmitt-Boehrer AG, Morozov §,
Kalueff AV, et al. Metabolic, molecular, and behavioral effects of Western diet in
serotonin transporter-deficient mice: rescue by heterozygosity? Front Neurosci (2020)
14:24. doi: 10.3389/fnins.2020.00024

19. Chen X, Margolis KJ, Gershon MD, Schwartz GJ, Sze JY. Reduced serotonin
reuptake transporter (SERT) function causes insulin resistance and hepatic steatosis
independent of food intake. PloS One (2012) 7(3):e32511. doi: 10.1371/
journal.pone.0032511

20. Zha W, Ho HTB, Hu T, Hebert MF, Wang J. Serotonin transporter deficiency
drives estrogen-dependent obesity and glucose intolerance. Sci Rep (2017) 7(1):1137.
doi: 10.1038/s41598-017-01291-5

21. Sookoian S, Gemma C, Garcia SI, Gianotti TF, Dieuzeide G, Roussos A, et al.

Short allele of serotonin transporter gene promoter is a risk factor for obesity in
adolescents. Obes (Silver Spring) (2007) 15(2):271-6. doi: 10.1038/0by.2007.519

22. Fuemmeler BF, Agurs-Collins TD, McClernon FJ, Kollins SH, Kail ME, Bergen
AW, et al. Genes implicated in serotonergic and dopaminergic functioning predict BMI
categories. Obes (Silver Spring) (2008) 16(2):348-55. doi: 10.1038/0by.2007.65

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1184010/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1184010/full#supplementary-material
https://doi.org/10.1016/j.immuni.2021.12.013
https://doi.org/10.1016/j.immuni.2021.12.013
https://doi.org/10.1016/j.cmet.2021.12.012
https://doi.org/10.1172/JCI88883
https://doi.org/10.1038/nm.3766
https://doi.org/10.1038/nm.3766
https://doi.org/10.2741/4732
https://doi.org/10.1161/CIRCULATIONAHA.118.033942
https://doi.org/10.1161/CIRCULATIONAHA.118.033942
https://doi.org/10.1111/jth.15541
https://doi.org/10.1182/blood-2012-06-437392
https://doi.org/10.1172/JCI145331
https://doi.org/10.1126/science.1078197
https://doi.org/10.3389/fcvm.2017.00048
https://doi.org/10.1111/j.1463-1326.2011.01378.x
https://doi.org/10.1111/j.1463-1326.2011.01378.x
https://doi.org/10.1038/ncomms7794
https://doi.org/10.3803/EnM.2020.35.2.470
https://doi.org/10.1016/j.phrs.2018.06.015
https://doi.org/10.1053/j.gastro.2006.11.002
https://doi.org/10.1038/ijo.2009.289
https://doi.org/10.1038/ijo.2009.289
https://doi.org/10.3389/fnins.2020.00024
https://doi.org/10.1371/journal.pone.0032511
https://doi.org/10.1371/journal.pone.0032511
https://doi.org/10.1038/s41598-017-01291-5
https://doi.org/10.1038/oby.2007.519
https://doi.org/10.1038/oby.2007.65
https://doi.org/10.3389/fimmu.2023.1184010
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hoch et al.

23. Tordanidou M, Tavridou A, Petridis I, Arvanitidis KI, Christakidis D, Vargemezis
V, et al. The serotonin transporter promoter polymorphism (5-HTTLPR) is associated
with type 2 diabetes. Clin Chim Acta (2010) 411(3-4):167-71. doi: 10.1016/
j€ca.2009.10.022

24. Burcu M, Zito JM, Safer DJ, Magder LS, dosReis S, Shaya FT, et al. Association of
antidepressant medications with incident type 2 diabetes among Medicaid-insured
youths. JAMA Pediatr (2017) 171(12):1200-7. doi: 10.1001/jamapediatrics.2017.2896

25. Scharf RE. Drugs that affect platelet function. Semin Thromb Hemost (2012) 38
(8):865-83. doi: 10.1055/5-0032-1328881

26. Luo Y, Kataoka Y, Ostinelli EG, Cipriani A, Furukawa TA. National prescription
patterns of antidepressants in the treatment of adults with major depression in the US
between 1996 and 2015: a population representative survey based analysis. Front
Psychiatry (2020) 11:35. doi: 10.3389/fpsyt.2020.00035

27. Luppino FS, de Wit LM, Bouvy PF, Stijnen T, Cuijpers P, Penninx BW, et al.
Overweight, obesity, and depression: a systematic review and meta-analysis of
longitudinal studies. Arch Gen Psychiatry (2010) 67(3):220-9. doi: 10.1001/
archgenpsychiatry.2010.2

28. Virtue S, Vidal-Puig A. GTTs and ITTs in mice: simple tests, complex answers.
Nat Metab (2021) 3(7):883-6. doi: 10.1038/s42255-021-00414-7

29. Copps KD, White MF. Regulation of insulin sensitivity by serine/threonine
phosphorylation of insulin receptor substrate proteins IRS1 and IRS2. Diabetologia
(2012) 55(10):2565-82. doi: 10.1007/s00125-012-2644-8

30. Kaburagi Y, Yamauchi T, Yamamoto-Honda R, Ueki K, Tobe K, Akanuma Y,
et al. The mechanism of insulin-induced signal transduction mediated by the insulin
receptor substrate family. Endocr ] (1999) 46(Suppl):S25-34. doi: 10.1507/
endocrj.46.Suppl_S25

31. Suzuki M, Kobayashi M, Ohno T, Kanamori S, Tateishi S, Murai A, et al. Genetic
dissection of the fatty liver QTL Fllsa by using congenic mice and identification of
candidate genes in the liver and epididymal fat. BMC Genet (2016) 17(1):145. doi:
10.1186/512863-016-0453-7

32. Hotamisligil GS. Inflammation, metaflammation and immunometabolic
disorders. Nature (2017) 542(7640):177-85. doi: 10.1038/nature21363

33. Kojta I, Chacinska M, Blachnio-Zabielska A. Obesity, bioactive lipids, and adipose
tissue inflammation in insulin resistance. Nutrients (2020) 12(5). doi: 10.3390/nu12051305

34. Henkel J, Gartner D, Dorn C, Hellerbrand C, Schanze N, Elz SR, et al.
Oncostatin m produced in kupffer cells in response to PGE2: possible contributor to
hepatic insulin resistance and steatosis. Lab Invest (2011) 91(7):1107-17. doi: 10.1038/
labinvest.2011.47

35. Henkel J, Frede K, Schanze N, Vogel H, Schurmann A, Spruss A, et al.
Stimulation of fat accumulation in hepatocytes by PGE(2)-dependent repression of
hepatic lipolysis, beta-oxidation and VLDL-synthesis. Lab Invest (2012) 92(11):1597—
606. doi: 10.1038/labinvest.2012.128

36. Santoleri D, Titchenell PM. Resolving the paradox of hepatic insulin resistance.
Cell Mol Gastroenterol Hepatol (2019) 7(2):447-56. doi: 10.1016/j.jcmgh.2018.10.016

37. Nance SA, Muir L, Lumeng C. Adipose tissue macrophages: regulators of
adipose tissue immunometabolism during obesity. Mol Metab (2022), 66:101642.
doi: 10.1016/j.molmet.2022.101642

38. Mildner A, Marinkovic G, Jung S. Murine monocytes: origins, subsets, fates, and
functions. Microbiol Spectr (2016) 4(5). doi: 10.1128/microbiolspec. MCHD-0033-2016

39. Kintscher U, Hartge M, Hess K, Foryst-Ludwig A, Clemenz M, Wabitsch M, et al.
T-Lymphocyte infiltration in visceral adipose tissue: a primary event in adipose tissue
inflammation and the development of obesity-mediated insulin resistance. Arterioscler
Thromb Vasc Biol (2008) 28(7):1304-10. doi: 10.1161/ATVBAHA.108.165100

Frontiers in Immunology

11

10.3389/fimmu.2023.1184010

40. Wu H, Ghosh S, Perrard XD, Feng L, Garcia GE, Perrard JL, et al. T-Cell
accumulation and regulated on activation, normal T cell expressed and secreted
upregulation in adipose tissue in obesity. Circulation (2007) 115(8):1029-38. doi:
10.1161/CIRCULATIONAHA.106.638379

41. Matter CM, Handschin C. RANTES (regulated on activation, normal T cell
expressed and secreted), inflammation, obesity, and the metabolic syndrome.
Circulation (2007) 115(8):946-8. doi: 10.1161/CIRCULATIONAHA.106.685230

42. Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, Ohsugi M, et al. CD8
+ effector T cells contribute to macrophage recruitment and adipose tissue
inflammation in obesity. Nat Med (2009) 15(8):914-20. doi: 10.1038/nm.1964

43. Han S, Wu P, Duan M, Yang F, He W, Wu N, et al. The crosstalk between
platelets and body fat: a reverse translational study. Clin Nutr (2021) 40(4):2025-34.
doi: 10.1016/j.cInu.2020.09.023

44. Gatsiou A, Sopova K, Tselepis A, Stellos K. Interleukin-17A triggers the release
of platelet-derived factors driving vascular endothelial cells toward a pro-angiogenic
state. Cells (2021) 10(8). doi: 10.3390/cells10081855

45. Bechara R, McGeachy MJ, Gaffen SL. The metabolism-modulating activity of IL-
17 signaling in health and disease. ] Exp Med (2021) 218(5):¢20202191. doi: 10.1084/
jem.20202191

46. Mussano F, Genova T, Munaron L, Petrillo S, Erovigni F, Carossa S. Cytokine,
chemokine, and growth factor profile of platelet-rich plasma. Platelets (2016) 27
(5):467-71. doi: 10.3109/09537104.2016.1143922

47. Galic S, Sachithanandan N, Kay TW, Steinberg GR. Suppressor of cytokine
signalling (SOCS) proteins as guardians of inflammatory responses critical for
regulating insulin sensitivity. Biochem ] (2014) 461(2):177-88. doi: 10.1042/
BJ20140143

48. Chatzigeorgiou A, Seijkens T, Zarzycka B, Engel D, Poggi M, van den Berg S,
et al. Blocking CD40-TRAF6 signaling is a therapeutic target in obesity-associated
insulin resistance. Proc Natl Acad Sci U.S.A. (2014) 111(7):2686-91. doi: 10.1073/
pnas.1400419111

49. Jorgensen SB, O'Neill HM, Sylow L, Honeyman J, Hewitt KA, Palanivel R, et al.
Deletion of skeletal muscle SOCS3 prevents insulin resistance in obesity. Diabetes
(2013) 62(1):56-64. doi: 10.2337/db12-0443

50. Popp S, Schmitt-Bohrer A, Langer S, Hofmann U, Hommers L, Schuh K, et al. 5-
HTT deficiency in Male mice affects healing and behavior after myocardial infarction. J
Clin Med (2021) 10(14). doi: 10.3390/jcm10143104

51. Bischoff SC, Mailer R, Pabst O, Weier G, Sedlik W, Li Z, et al. Role of serotonin
in intestinal inflammation: knockout of serotonin reuptake transporter exacerbates
2,4,6-trinitrobenzene sulfonic acid colitis in mice. Am ] Physiol Gastrointest Liver
Physiol (2009) 296(3):G685-95. doi: 10.1152/ajpgi.90685.2008

52. Shimobayashi M, Albert V, Woelnerhanssen B, Frei IC, Weissenberger D,
Meyer-Gerspach AC, et al. Insulin resistance causes inflammation in adipose tissue. J
Clin Invest (2018) 128(4):1538-50. doi: 10.1172/JCI96139

53. Zha W, Hu T, Hebert MF, Wang J. Effect of pregnancy on paroxetine-induced
adiposity and glucose intolerance in mice. ] Pharmacol Exp Ther (2019) 371(1):113-20.
doi: 10.1124/jpet.118.255380

54. Singhal M, Turturice BA, Manzella CR, Ranjan R, Metwally AA, Theorell ], et al.
Serotonin transporter deficiency is associated with dysbiosis and changes in metabolic
function of the mouse intestinal microbiome. Sci Rep (2019) 9(1):2138. doi: 10.1038/
541598-019-38489-8

55. Kilbourne EJ, Winneker RC. Serotonin 5-HT1 receptors potentiate histamine
and thrombin stimulated prostaglandin synthesis in endothelial cells. Thromb Haemost
(2001) 85(5):924-8.

frontiersin.org


https://doi.org/10.1016/j.cca.2009.10.022
https://doi.org/10.1016/j.cca.2009.10.022
https://doi.org/10.1001/jamapediatrics.2017.2896
https://doi.org/10.1055/s-0032-1328881
https://doi.org/10.3389/fpsyt.2020.00035
https://doi.org/10.1001/archgenpsychiatry.2010.2
https://doi.org/10.1001/archgenpsychiatry.2010.2
https://doi.org/10.1038/s42255-021-00414-7
https://doi.org/10.1007/s00125-012-2644-8
https://doi.org/10.1507/endocrj.46.Suppl_S25
https://doi.org/10.1507/endocrj.46.Suppl_S25
https://doi.org/10.1186/s12863-016-0453-7
https://doi.org/10.1038/nature21363
https://doi.org/10.3390/nu12051305
https://doi.org/10.1038/labinvest.2011.47
https://doi.org/10.1038/labinvest.2011.47
https://doi.org/10.1038/labinvest.2012.128
https://doi.org/10.1016/j.jcmgh.2018.10.016
https://doi.org/10.1016/j.molmet.2022.101642
https://doi.org/10.1128/microbiolspec.MCHD-0033-2016
https://doi.org/10.1161/ATVBAHA.108.165100
https://doi.org/10.1161/CIRCULATIONAHA.106.638379
https://doi.org/10.1161/CIRCULATIONAHA.106.685230
https://doi.org/10.1038/nm.1964
https://doi.org/10.1016/j.clnu.2020.09.023
https://doi.org/10.3390/cells10081855
https://doi.org/10.1084/jem.20202191
https://doi.org/10.1084/jem.20202191
https://doi.org/10.3109/09537104.2016.1143922
https://doi.org/10.1042/BJ20140143
https://doi.org/10.1042/BJ20140143
https://doi.org/10.1073/pnas.1400419111
https://doi.org/10.1073/pnas.1400419111
https://doi.org/10.2337/db12-0443
https://doi.org/10.3390/jcm10143104
https://doi.org/10.1152/ajpgi.90685.2008
https://doi.org/10.1172/JCI96139
https://doi.org/10.1124/jpet.118.255380
https://doi.org/10.1038/s41598-019-38489-8
https://doi.org/10.1038/s41598-019-38489-8
https://doi.org/10.3389/fimmu.2023.1184010
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Serotonin transporter-deficient mice display enhanced adipose tissue inflammation after chronic high-fat diet feeding
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Insulin and glucose tolerance testing
	2.3 Metabolic caging
	2.4 Sample preparation and flow cytometric analyses
	2.5 Analysis of mRNA expression
	2.6 Serotonin concentration in serum and plasma
	2.7 Histology
	2.8 Statistics and data presentation

	3 Results
	3.1 SERT-deficiency in young mice is associated with monocytosis and increased fat mass, but not increased adipose tissue inflammation
	3.2 No accumulation of leukocytes in epididymal adipose tissue of SERT-deficient mice after 19-weeks of control diet feeding
	3.3 Disturbance of glucose homeostasis and extent of liver steatosis are more pronounced in obese SERT-deficient mice
	3.4 Enhanced leukocyte accumulation in visceral adipose tissue of obese SERT-deficient mice
	3.5 Serum serotonin is decreased in SERT-deficient mice

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


